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We propose a classically conformal model in a minimal radiative seesaw, in which we employ a gauged 
B − L symmetry in the standard model that is essential in order to work the Coleman–Weinberg 
mechanism well that induces the B − L symmetry breaking. As a result, nonzero Majorana mass term and 
electroweak symmetry breaking simultaneously occur. In this framework, we show a benchmark point 
to satisfy several theoretical and experimental constraints. Here theoretical constraints represent inert 
conditions and Coleman–Weinberg condition. Experimental bounds come from lepton ﬂavor violations 
(especially μ → eγ ), the current bound on the Z ′ mass at the CERN Large Hadron Collider, and neutrino 
oscillations.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Nowadays the standard model (SM) becomes trustworthy to de-
scribe microscopic fundamental physics, since the SM Higgs has 
been discovered at the CERN Large Hadron Collider (LHC). How-
ever it has to still be extended in order to include dark matter 
(DM) candidate and tiny but massive neutrinos whose existences 
are indirectly or directly shown by several experimental evidences. 
Radiative seesaw models are one of the sophisticated solutions to 
explain both issues simultaneously, where new ﬁelds have to be 
introduced as mediators in the loop of the neutrino masses. One 
of such exotic ﬁelds can frequently be identiﬁed as a DM candi-
date, when it is neutral under the electric charge. Then neutrinos 
have a correlation to the DM candidate. Due to the fascinating na-
ture, there exists a vast number of papers along this idea [1–69]. 
Especially, Ma model [5] is renowned as one of the minimal ra-
diative seesaw models including fermionic or bosonic DM candi-
date.
As another aspect to be resolved in the SM context, there ex-
ists the hierarchy problem. One of the popular solutions is to ex-
tend to be supersymmetrized, but one cannot hitherto ﬁnd any 
signals at LHC. Thus several alternative solutions have been dis-
cussed [70–86] in these days. Here we focus on a new approach 
inspired by Bardeen’s argument [86]. He suggests that once the 
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SCOAP3.classically conformal symmetry and its minimal violation by quan-
tum anomalies are imposed on SM, it may be free from quadratic 
divergences. Such theories based on this idea are known as classi-
cally conformal models [49,87–114], in which any mass terms are 
forbidden but all dimensional parameters (including mass terms) 
are dynamically generated in the classical Lagrangian. Due to ab-
sence of any intermediate scales between the TeV scale and Planck 
scale, the Planck scale physics can directly be connected to the 
electroweak (EW) physics. Once we combine the classically con-
formal model with a radiative seesaw (such as Ma model), the 
model potentially has a direct connection between tiny neutrino 
mass scale (eV) and Planck scale due to the conformal nature. 
However Ma model with the classically conformal symmetry can-
not be realistic because of the following two reasons. The ﬁrst 
one is that the EW symmetry breaking doesn’t occur due to the 
largeness of top Yukawa coupling. The second one is that the clas-
sically conformal symmetry forbids Majorana mass term that plays 
an important role in generating neutrino masses. In order to re-
solve these two problems, we employ a gauged B − L model as 
a minimal extension of Ma model in this paper. Then the EW 
symmetry breaking is triggered by B − L symmetry breaking and 
Majorana mass term is arisen by the B − L symmetry break-
ing.
This paper is organized as follows. In Sec. 2, we show our model 
building including neutrino mass. In Sec. 3, we show our numerical 
results. We conclude in Sec. 5. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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In this section, we devote to review our model, where the par-
ticle contents for fermions and bosons are respectively shown in 
Table 1 and Table 2. We add three Majorana fermions NR with 
isospin singlet but −1 charge under the gauged B − L symmetry 
to the SM ﬁelds. Notice here the number of ‘three’ ﬂavors to NR
is uniquely determined by the anomaly cancellation of the gauged 
B − L symmetry. For new bosons, we introduce a neutral isospin 
singlet scalar ϕ with +2 charge under the B − L symmetry. The 
other bosons η and  are neutral under the B − L charge. Then 
we assume that the SM-like Higgs  and the gauge single ϕ have 
vacuum expectation value (VEV); v/
√
2 and v ′/
√
2, respectively, 
where the VEV of ϕ spontaneously breaks the B − L symmetry 
down. Even after the breaking of B − L symmetry as well as elec-
troweak symmetry, a remnant discrete symmetry Z2 remains. This 
Z2 symmetry plays a role in assuring the stability of our DM can-
didate.
The relevant Lagrangian for Yukawa sector and scalar potential 
under these assignments are given by
−LY = (y)a L¯LaeRa + (yη)ab L¯Laη∗NRab
+ 1
2
(yN)aϕ N¯
c
RaNRa + h.c., (2.1)
V = λ||4 + λη|η|4 + λϕ |ϕ|4 + λη||2|η|2
+ λ′η|†η|2 + λ′′η[(†η)2 + c.c.]
+ λϕ ||2|ϕ|2 + ληϕ |η|2|ϕ|2, (2.2)
where each of the index a and b that runs 1 to 3 represents the 
number of generations, and the ﬁrst term of LY generates the 
diagonal charged-lepton mass matrix. Notice here that any mass 
terms are forbidden by the conformal symmetry. Without loss of 
generality, we can work on the basis where yN is diagonal matrix 
with real and positive.
2.1. Symmetry breaking
In this subsection, we explain how the symmetry breaking oc-
curs in our model, where the RGEs related to the breaking are 
given in the Appendix. First of all we impose the classically con-
formal symmetry to our model. Then the EW symmetry breaking 
occurs not by negative mass parameter but by radiatively, because 
of absence of any kind of mass terms. Furthermore we assume the 
following conditions at the Planck scale as simple as possible in 
our theory,
λη = λ′η = λϕ = ληϕ = 0. (2.3)
Table 1
Fermion sector; notice the three ﬂavor index of each 
ﬁeld LL , eR , and NR is abbreviated.
Fermion LL eR NR
(SU (2)L ,U (1)Y ) (2,−1/2) (1,−1) (1,0)
U (1)B−L −1 −1 −1
Z2 + + −
Table 2
Boson sector.
Boson  η ϕ
(SU (2)L ,U (1)Y ) (2,1/2) (2,1/2) (1,0)
U (1)B−L 0 0 2
Z2 + − +In principle, all the quartic couplings except λϕ and λ′′η can be 
zero.1 However, we assume λ and λη to be nonzero for the fol-
lowing technical reasons: nonzero λ plays an important role in 
obtaining the SM Higgs mass, and nonzero λη is required by the 
inert condition as you will see in the next subsection. Under these 
assumptions, these couplings in Eq. (2.3) are generated by quan-
tum correction. As a result, these couplings are very small at low 
energy scale. Therefore we can consider the B − L sector and the 
SM with inert doublet sector separately.
At ﬁrst we consider the B − L sector. The B − L symmetry is 
broken by the Coleman–Weinberg mechanism [115]. And the run-
ning coupling λϕ (and related parameters gB−L , yN ) should satisfy 
the following relation at the B − L symmetry breaking scale (v ′),
λϕ(μ = v ′) ∼ 3
4π2
(
g4B−L −
1
96
T r
[
y†N yN y
†
N yN
])
. (2.4)
Thus the mass of ϕ is obtained by the following form,
m2ϕ = −4λϕ v ′ 2. (2.5)
Once the B − L symmetry is broken, the mass of SM-like Higgs 
is induced through the mixing between the SM Higgs () and 
B − L breaking scalar (ϕ) in the potential. Therefore the effective 
tree-level mass squared is arisen. Remind here that the EW sym-
metry breaking occurs in the same way as SM if λϕ is negative. 
In our case, the negative λϕ arises from our RGE (see Eq. (A.13)) 
with positive sign under our assumption (λϕ(Mpl) = 0). Finally, 
inserting the tadpole condition; λ = −λϕ v ′ 2/(2v2), the mass of 
SM-like Higgs is given by
m2h = −λϕ(μ = v ′)v ′ 2. (2.6)
2.2. Scalar sector
After the EW symmetry breaking, each of scalar ﬁeld has 
nonzero mass. We parametrize these scalar ﬁelds as
 =
[
φ+
φ0
]
, η =
[
η+
η0
]
. (2.7)
And the neutral components of the above ﬁelds and the singlet 
scalar ﬁeld can be expressed as
φ0 = 1√
2
(v + h), ϕ = 1√
2
(v ′ + ρ), (2.8)
where v is written in terms of the Fermi constant GF by v2 =
1/(
√
2GF ) ≈ (246 GeV)2.
η is the inert doublet and the mass of η should be positive. In 
our model, the η mass is generated through the quartic term of 
ληϕ . Consequently, the term should be positive at the symmetry 
breaking scale,
ληϕ > 0. (2.9)
In addition, the quartic couplings satisfy the following inert condi-
tions [116],
λ > 0, λη > 0, λη + λ′η − |λ′′η| > −2
√
λλη. (2.10)
The mass matrix of the neutral component of h and ρ is given 
by
1 Nonzero λϕ is minimally required in order to work Coleman–Weinberg mecha-
nism in the B − L model suﬃciently [106,108]. When λ′′η is zero at Planck scale, 
the coupling has to be zero at all the scale as can be seen in Eq. (A.12). It suggests 
that the neutrino masses are zero, which is not experimentally allowed.
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(−λϕ v ′ 2 λϕ vv ′
λϕ vv ′ −4λϕ v ′ 2
)
=
(
cos θ sin θ
− sin θ cos θ
)(
m2hSM 0
0 m2H
)(
cos θ − sin θ
sin θ cos θ
)
,
(2.11)
where hSM is the SM Higgs and H is an additional Higgs mass 
eigenstate. The mixing angle θ is given by
tan2θ = −2λϕ vv
′
v ′ 2(4λϕ − λϕ) . (2.12)
Therefore h and ρ are rewritten in terms of the mass eigenstates 
hSM and H as
h = hSM cos θ + H sin θ,
ρ = −hSM sin θ + H cos θ. (2.13)
The mixing angle θ is generally constrained by hSM → γ γ process 
at LHC. But we can avoid such a constraint, since we expect v/v ′ ≤
(0.1) 	 1 as can be seen in Eq. (2.12). The other scalar masses are 
found as
m2η ≡m2(η±) =
1
2
(ληv
2 + ληϕ v ′ 2), (2.14)
m2R ≡m2(Re η0) =
1
2
[
(λη + λ′η + 2λ′′η)v2 + ληϕ v ′ 2
]
,
(2.15)
m2I ≡m2(Im η0) =
1
2
[
(λη + λ′η − 2λ′′η)v2 + ληϕ v ′ 2
]
. (2.16)
Notice here that there exists a constraint between mη and mI 2 that 
comes from the S–T –U parameter [116].
2.3. Neutrino mass matrix
The neutrino mass matrix is obtained at one-loop level as fol-
lows [5,27]:
(Mν)ab = (yη)ak(yη)bkMk
(4π)2
×
[
m2R
m2R − M2k
ln
m2R
M2k
− m
2
I
m2I − M2k
ln
m2I
M2k
]
, (2.17)
where Mk ≡ (yN)kv ′/
√
2 (k = 1 − 3). In this form, observed neu-
trino mass differences and their mixings are obtained through the 
Ref. [27] with a sophisticated way, when the charged-lepton mass 
matrix is diagonal. Following this method, yη is generally written 
as
yη = U∗MNS
⎛
⎜⎜⎝
m
1
2
1 0 0
0 m
1
2
2 0
0 0 m
1
2
3
⎞
⎟⎟⎠ O R− 12 , (2.18)
where UMNS is the Maki–Nakagawa–Sakata (MNS) matrix, and mi ’s 
are neutrino mass eigenvalues. O (that is an complex orthogonal 
2 We assume mηI is lighter than mηR , i.e., λ
′′
η is positive.
m
la
O
a
R
N
th
c
3
a
R
a
b
F
ta
is
B
w
F
λ
g
T
a
W
o
c
L
1
B
c
e
b
a
1
7
coatrix), and R (that is a diagonal matrix), are respectively formu-
ted as
=
⎛
⎝ 0 0 1cosα sinα 0
− sinα cosα 0
⎞
⎠ , α is a complex parameter, (2.19)
nd
ii = Mi
(
m2R
m2R − M2i
ln
m2R
M2i
− m
2
I
m2I − M2i
ln
m2I
M2i
)
. (2.20)
otice here that we assume the lightest neutrino mass is zero and 
e neutrino mass spectrum is normal hierarchy. In this case, one 
olumn of Yukawa matrix is zero.
. Numerical results
In general aspect, VEV can be stable only when λϕ is negative 
s can be seen in Eq. (2.4) and Eq. (2.5). We numerically solve the 
GEs and ﬁnd parameters that satisfy the inert conditions, Eq. (2.9)
nd (2.10). Here we focus on calculating α = 0 (in Eq. (2.19)) case, 
ecause this case is one of the simplest way to satisfy the Lepton 
lavor Violation (LFV) in Eq. (2.18).3 The most stringent experimen-
l upper bound comes from μ → eγ process. Its branching ratio 
 calculated as
r(μ → eγ ) = 3αem
64π(GFm2η)
2
×
∣∣∣∣∣
3∑
k=1
(
y†η
)
αk
(yη)kβ F2
(
M2k
m2η
)∣∣∣∣∣
2
, (3.1)
here αem = 1/137, and the loop function F2(x) is given by
2(x) = 1− 6x+ 3x
2 + 2x3 − 6x2 ln x
6(1− x)4 . (3.2)
We use the following parameters at the Planck scale,
 = 0.01, λη = 0.09, λϕ = 0.011, λ′′η = 10−9,
B−L = 0.17, ym = 0.2. (3.3)
he RG ﬂows of the quartic couplings are depicted in Fig. 1, Fig. 2, 
nd Fig. 3. In Fig. 1, λϕ becomes negative and satisﬁes Coleman–
einberg condition (see Eq. (2.4)) at v ′ = 10.9 TeV. At this scale, 
ther couplings satisfy inert conditions. In this case, Z’ mass be-
omes 3.7 TeV, while the experimental search for the Z’ boson at 
HC gives the lower bound on Z’ boson mass, mZ ′ ≥ 3 TeV [117,
18]. Therefore it satisﬁes the experimental condition.
We investigate the LFV processes. In our model, we obtain 
r (μ → eγ ) = 4.6 × 10−14, Br (μ → eee) = 3.3 × 10−16 and the 
onversion rates [119] C R(μ − e, T i) = 1.4 × 10−15, C R(μ −
, Au) = 7.7 × 10−16. The most stringent experimental upper 
ound of the branching ratio is Br (μ → eγ ) = 4.2 × 10−13 [120]
nd the other experimental upper bounds are Br (μ → eee) = 2.7 ×
0−8 [121], CR(μ − e, T i) = 4.3 × 10−12 [122], CR(μ − e, Au) =
 × 10−13 [123]. Therefore we can avoid any LFV processes.
3 In general, the larger value of the imaginary part of α gives the larger Yukawa 
uplings. Therefore it becomes to be diﬃcult to satisfy the LFV processes.
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Fig. 2. Running for mixings between B − L Higgs and doublets.
Fig. 3. Running for mixings between two doublets.
4. Dark matter
ηR is in favor of being a dark matter (DM) candidate in our 
model, since we assume the coupling ληϕ that provides a domi-
nant contribution to the η mass is small in our RGE result as can 
be seen the red line in Fig. 2. The nature is similar to the one 
in the original Ma model, i.e., the pole point on the half mass 
of the CP even Higgses, or the range at around or greater than 
O(500) GeV [124].
However since all the parameters are uniquely ﬁxed at the B −L
breaking scale, the physical values related to DM are also ﬁxed as 
follows:(MX ) ≡mR ≈mI = 312 GeV, mη = 314 GeV. (4.1)
Obviously our DM candidate cannot satisfy the measured relic den-
sity according to the above discussion. Therefore we need to rean-
alyze our model so that our benchmark point can also satisfy the 
current relic density of the DM candidate, or we just rely on an-
other source of the DM candidate by assuming our DM candidate 
can be a partial component of DM. To achieve the former case 
is technically diﬃcult. Hence we just assume our DM is a partial 
component and quantitatively estimate the relic density of our DM 
below. The dominant annihilation process is 2X → 2Z , the second 
one is 2X → W+W− , the third one is 2X → 2hSM, and the last 
one is 2X → f f¯ , where f represents the SM fermion such as top 
quark. And each of the cross section is numerically given by
σ vrel(2X → 2Z) ≈ 1.91× 10
−5
[GeV]2 , (4.2)
σ vrel(2X → W+W−) ≈ 4.29× 10
−6
[GeV]2 , (4.3)
σ vrel(2X → 2hSM) ≈ 4.29× 10
−10
[GeV]2 , (4.4)
σ vrel(2X → f f¯ ) ≈ 1.74× 10
−11
[GeV]2 . (4.5)
Then our relic density is estimated as
h2X ≈ 10−5,
h2X
h2total
≈ 10
−5
0.12
≈ 8.4× 10−3%. (4.6)
Therefore our DM occupies 8.4 × 10−3% in the whole amount of 
DM.4
The spin independent elastic cross section with proton σp is 
also obtained through the SM Higgs portal and its value is
σp ≈ σp(h2total) ×
(
h2X
h2total
)
≈ 4.48× 10−46 [cm2] ×
(
h2X
h2total
)
. (4.7)
Thus it is completely safe for the direct detection experiment, since 
the strongest bound is O(10−45) [125].
5. Conclusions
We have investigated a classically conformal radiative neutrino 
model with gauged B − L symmetry, in which we have success-
fully obtained the B − L symmetry breaking through the Coleman–
Weinberg mechanism. As a result, Majorana mass term is gener-
ated and EW symmetry breaking occurs. We have also shown a 
benchmark point to satisfy several constraints such as inert condi-
tions, Coleman–Weinberg condition, lepton ﬂavor violations (espe-
cially μ → eγ ), the current bound on the Z ′ mass at LHC, and the 
neutrino oscillation experiments.
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In this section, we analyze the RGEs at one-loop level. The co-
variant derivative can be written as
Dμ = ∂μ − ig′Q Y Bμ − i
(
gmixQ
Y + gB−L Q B−L
)
B ′μ
− ig σ
α
2
W αμ − ig3T αGαμ, (A.1)
where Bμ and B ′μ are gauge bosons of U (1)Y and U (1)B−L , and 
Q Y , Q B−L are their charge operators. The RGE formulae for the 
gauge couplings are
(4π)2
dg′
dt
= 7g′ 3, (A.2)
(4π)2
dg
dt
= −3g3, (A.3)
(4π)2
dg3
dt
= −7g33, (A.4)
(4π)2
dgB−L
dt
= gB−L
(
12g2B−L +
32
3
gB−L gmix + 7g2mix
)
, (A.5)
(4π)2
dgmix
dt
= 12g2B−L gmix +
32
3
gB−L
(
g2mix + g′ 2
)
+ 7gmix
(
g2mix + 2g′ 2
)
. (A.6)
The RGE formulae for the quartic couplings are given by
(4π)2
λ
dt
= 24λ2 + 2λ2η + λ′ 2η + 4λ′′ 2η + 2ληλ′η
+ λ2ϕ +
3
8
[
2g4 +
(
g2 + g′ 2 + g2mix
)2]
− 3λ
[
3g2 + g′ 2 + g2mix
]
− 6y4t + 12λ y2t , (A.7)
(4π)2
λη
dt
= 24λ2η + 2λ2η + λ′ 2η + 4λ′′ 2η + 2ληλ′η
+ λ2ηϕ +
3
8
[
2g4 +
(
g2 + g′ 2 + g2mix
)2]
− 3λη
[
3g2 + g′ 2 + g2mix
]
− 2T r
[
y†η yη y
†
η yη
]
+ 4ληT r
[
y†η yη
]
, (A.8)
(4π)2
λϕ
dt
= 20λ2ϕ + 2(λ2ϕ + λ2ηϕ) + 96g4B−L − 48λϕ g2B−L
− T r
[
y†N yN y
†
N yN
]
+ 2λϕT r
[
y†N yN
]
, (A.9)
(4π)2
λη
dt
= λη
[
4λη + 12λ + 12λη
+ 2T r
[
y†η yη + y† y
]
− 3
(
3g2 + g′ 2 + g2mix
)
+ 6y2t
]
+ 2λϕληϕ + 4ληλ′η + 4λλ′η + 2λ′ 2η
+ 8λ′′ 2η +
3
4
(
2g4 +
(
g2 − g′ 2 − g2mix
)2)
− 4T r
[
y†η yη y
†
 y
]
, (A.10)(4π)2
λ′η
dt
= λ′η
[
4λ + 4λη + 8λη + 4λ′η
+ 2T r
[
y†η yη + y† y
]
+ 6y2t
− 3
(
3g2 + g′ 2 + g2mix
)]
+ 16λ′′ 2η + 3g2
(
g′ 2 + g2mix
)
+ 4T r
[
y†η yη y
†
 y
]
,
(A.11)
(4π)2
λ′′η
dt
= 4λ′′η
[
λ + λη + 2λη + 3λ′η
+ 1
2
T r
[
y†η yη + y† y
]
+ 3
2
y2t
− 3
4
(
3g2 + g′ 2 + g2mix
)]
, (A.12)
(4π)2
λϕ
dt
= 4λ2ϕ + 12λϕλ + (4λη + 2λ′η)ληϕ
+ 8λϕλϕ + 12g2mixg2B−L
+ λϕ
[
6y2t + T r
[
y†N yN
]
− 3
2
(
3g2 + g′ 2 + g2mix
)
− 24g2B−L
]
, (A.13)
(4π)2
ληϕ
dt
= 4λ2ηϕ + 12ληϕλη + (4λη + 2λ′η)λϕ
+ 8ληϕλϕ + 12g2mixg2B−L
− 4T r
[
y†η yη y
†
N yN
]
,
+ ληϕ
[
6y2t + T r
[
y†N yN
]
− 3
2
(
3g2 + g′ 2 + g2mix
)
− 24g2B−L
]
. (A.14)
The RGE for the Yukawa couplings are given by
(4π)2
dyη
dt
= yη
[
3
2
y†η yη + 12 y
†
 y + T r
[
y†η yη
]
− 3
4
(
g′ 2 + g2mix
)
− 9
4
g2 − 6g2B−L − 3gB−L gmix
]
,
(A.15)
(4π)2
dy
dt
= y
[
3
2
y† y +
1
2
y†η yη + T r
[
y† y
]
− 15
4
(
g′ 2 + g2mix
)
− 9
4
g2 − 6g2B−L − 9gB−L gmix
]
,
(A.16)
(4π)2
dyt
dt
= yt
[
9
2
y2t − 8g23 −
9
4
g2 − 17
12
(
g′ 2 + g2mix
)
− 2
3
g2B−L −
5
3
gmixgB−L
]
, (A.17)
(4π)2
dyN
dt
= yN
[
y†N yN +
1
2
T r
[
y†N yN
]
− 6g2B−L
]
. (A.18)
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